There are a number of autoimmune disorders which can affect visual function. There are a very large number of mechanisms in the visual pathway which could potentially be the targets of autoimmune attack. In practice it is the retina and the anterior visual pathway (optic nerve and chiasm) that are recognised as being affected in autoimmune disorders. Multiple Sclerosis is one of the commonest causes of visual loss in young adults because of the frequency of attacks of optic neuritis in that condition, however the basis of the inflammation in Multiple Sclerosis and the confirmation of autoimmunity is lacking. The immune process is known to be highly unusual in that it is not systemic and confined to the CNS compartment.
INTRODUCTION
The role of the adaptive immune system is to protect the organism. Potential pathogens are either eliminated or isolated, and endogenous mechanisms of repair are promoted. Complex disorders arise when the adaptive immune systems target the self, resulting in autoimmune disease. By definition autoimmunity is systemic and will, in a proportion of patients, affect structures relevant to vision.
THE ANATOMIC BASIS FOR PATTERNS OF VISUAL LOSS
About two-thirds of the human brain is involved in processing visual information. Each eye has about 100 million photoreceptors ( Fig. 20.1, top row) . The flow of information starts with the conversion of photons to an analogue signal in the retinal photoreceptors, and this is then converted by the bipolar cells of the inner nuclear layer ( Fig. 20 .1, third row) into a digital signal coding for approximately 12 parallel information streams (Masland, 2012) . This represents the first stage in the parallel analysis of the many submodalities of the visual image (contrast, motion, color, etc.) . The size of retinal ganglion cells is minusculeabout 1% of the volume of a pyramidal cell in the hippocampus or cortex (Masland, 2012) . Each retinal ganglion cell generates the visual signal along a "hard-wired" pathway to the primary visual cortex, also known as striate cortex or V1 (Balk et al., 2015) . This "hard-wired" pathway is the anatomic basis of what is known as the retinotopic (point-to-point) projection of the retina, and hence the basis for the visual field in the visual cortex (Table 20 .1) (Holmes, 1945) . There are also less numerous, but nonetheless significant, projections to other visual cortical areas (such as V5 involved in motion processing) and the tectum (involved in pupillary reflexes). There is, therefore, an ample substrate for differential effects of immune processes on parallel pathways of processing within a single anatomically defined structure such as the retina, optic nerve, or visual cortex. Selective deficits of color vision, motion perception, and other modalities are all potential manifestations of autoimmune-mediated dysfunction. In more detail, in humans, each retina gives rise to about 1 158 000 retinal ganglion cell axons entering the Masland (2001) with permission from Macmillan Publishers (Nature Neuroscience)).
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optic nerve (Jonas et al., 1992) . The axons of the optic nerve partially decussate (50% project contralaterally) in the chiasm. The retinal ganglion cell is the first-order neuron and synapses with the second-order neuron in the dorsal lateral geniculate nucleus, where visual processing continues (Prasad and Galetta, 2011) . Finally, the retinotopic projections from these second-order neurons result in a retinotopic map and functional architecture of V1 (Hubel and Wiesel, 1977) . The visual pathways projecting from the retina to V1 are shown in Figure 20 .2. The primary visual cortex itself is an early stage of cortical visual processing (Tong, 2003) . Beyond V1 are multiple extrastriate visual areas which are involved in further information processing (Sincich and Horton, 2005; Barton, 2011) . The optic nerve and the eye are developmentally part of the central nervous system (CNS) and hence share many targets for autoimmune attack with the rest of the CNS. Indeed, the optic nerve should be considered a white-matter tract with more in common with the spinal cord than with the other cranial nerves. At the same time, the seductive beauty of this fine anatomic network depends on visual information processing involving receptors, ion channels, and secondmessenger cascades (Sterling, 1999) ; the receptors and voltage-gated channels with their extracellular domains are also potential targets for autoimmunity.
Guiliano Toraldo di Francia was the first to recognize that the spatial resolution of stimuli reaching the retina is better than the dimensions of the photoreceptors in the retina should permit, based on the Rayleigh criterion (Westheimer, 2009) (Table 20 .1). Thus, even the function of visual acuity, a basic measurement in clinical practice, is dependent upon postreceptor processing. All forms of hyperacuity (such as Vernier acuity) rely on visual cortical function. The full anatomic extent of higher visual cortical areas in humans continues to be unraveled with the aid of co-registered functional (functional magnetic resonance imaging (MRI), magnetoelectroencephalography, positron emission tomography) and structural imaging (MRI) studies.
GENERAL CONSIDERATIONS FOR AUTOIMMUNE MECHANISMS FOR VISUAL LOSS
Autoimmune-mediated loss of vision refers to impairment or disruption of the neuronal network. In health, the eye and brain are protected from the systemic 
Definition of terms used in visual sciences

Term Definition
Hard-wired In human vision the first-, second-, and third-order neurons and their axons are hard-wired into the human brain and transmit analogue and digital signals. This hard-wired single pathway enables the retinotopic map of the human visual cortex. There is no (or very little) potential for plasticity in the strict definition of this single pathway model (Balk et al., 2015) Analogue signal
The analogue signal produced by the photoreceptors is continuous. The signal intensity varies over time depending on the light-induced metabolism of opsins. Therefore the variation of the signal carries information on light entering the eye ( Fig. 20 .2). The analogue signal of the photoreceptors is converted by retinal bipolar cells into a digital signal as required for higher-level visual network processing Digital signal
The digital signal of the hard-wired visual pathway is sampled from the analogue signal fed into retinal bipolar cells by photoreceptors. The digital signal consists of a series of action potentials. The information of the digital signal is encoded in the time frequency of these action potentials Retinotopic
A topographic map where adjacent locations on the retina are represented by adjacent neurons in the dorsal lateral geniculate nucleus and V1.
Rayleigh criterion
The minimum resolvable detail according to the generally accepted physical definition, diffraction limitation. Simplified, the limitation of image resolution relates to the order of wavelength of the wave used to image it. For example, the Rayleigh criterion for a wavelength of 500 nm and a circular pupil opening of 5 mm is:
Put into relation, a Snellen acuity of 6/6 (UK notation, 20/20 US notation) corresponds to a resolution limitation of y ¼ 5 Â 10 -4 rad in most subjects. Under optimal circumstances a visual acuity of y ¼ 2 Â 10 -4 rad might be achieved. Essentially, visual acuity depends on the anatomic spacing of sensory neurons in the retina and the wavelengths of the light entering the eye Vernier acuity
The human visual cortex can make spatial distinctions with a precision which is about 10 times better than visual acuity. This so-called hyperacuity depends on sophisticated information processing in the visual human brain. Vernier acuity represents the quintessential example of hyperacuity where the alignment of two edges or lines can be judged with a better precision than predicted by visual acuity. Clinically, the assessment of, for example, normal stereopsis relies on hyperacuity inflammatory response of the immune system. In autoimmune visual loss, the following protective mechanisms and structures may be impaired (see sections Blood brain barrier and Blood retina barrier). The brain and the eye have in common immune privilege, which describes the relationship that some organs of the human body have with the immune system. It is thought that this immune privilege is necessary to protect the fine-tuned functions of the neuronal network. It is not yet fully understood how immune privilege has developed and is maintained, but the presence of anatomic barriers protecting the immune-privileged organ has long been recognized and molecular mechanisms such as induction of apoptosis of invading inflammatory cells have been discovered (Ferguson and Griffith, 2006) .
The blood-brain barrier (BBB) is a structural component of the homoeostatic mechanisms that prevent substances from the blood stream entering the extracellular fluid (ECF) of the CNS (Fig. 20.3A ). In addition to the BBB there is also the blood-cerebrospinal fluid (CSF) barrier (BCB), which is a filter that permits substances to diffuse from the blood into the CSF according to molecular size. It is important to distinguish between the BBB and BCB, but this is not rigorously applied in the literature (Petzold, 2007) .
Integrity of the BBB/BCB function is assessed by quantification of CSF and serum albumin. Because albumin is not produced intrathecally, all CSF albumin must be derived from the blood by diffusion through the meninges. An intact BBB/BCB will only allow a small amount of albumin to diffuse into the CSF. The normal quotient of CSF to serum albumin calculates to 0.0018-0.0074 (95% confidence limits), i.e. ratios of approximately 1:500 -1:150 (see Chapter 3). (Stangel et al., 2013) . A breakdown of the BCB leads to leakage of serum albumin locally into the CSF, and therefore an increase of the quotient indicates a loss of integrity of the BBB (Stangel et al., 2013) . The wide range of the quotient reported in the literature highlights that each laboratory will need to establish its own normal range, which needs to be rigorously quality-controlled over time. 
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Similar to the BBB, the blood-retina barrier (BRB) is one of the mechanisms subserving retinal homoeostasis (Cunha-Vaz et al., 2010) . The inner BRB regulates the fluid shifts and molecular exchange between the retina capillary blood and the extracellular fluid of the retina. On a cellular level the inner BRB consists of tight junctions between the endothelium and Müller cells at the level of the inner limiting membrane. Likewise, the outer BRB consists of tight junctions between the retinal pigment epithelium (RPE) cells abutting the outer aspect of Bruch membrane. It is generally accepted that maintenance of visual function critically depends on an intact metabolic relationship between the RPE and the photoreceptors. Fluorescein angiography is the gold standard to assess the BRB integrity and fluorescein leakage indicates a loss of integrity. In addition, there is now a role for retinal optical coherence tomography (OCT) as a noninvasive technique to demonstrate fluid accumulation in the retina likely related to BRB breakdown (Gelfand et al., 2012; Burggraaff et al., 2014 ).
The complement system bears a crucial role in the autoimmune response (Minton, 2014) . Antibodies bound to epitopes on antigens constitute an immune complex. If the isotypes of the antibodies are complement activating, complement is bound to the immune complex (Heyman, 2000) . Complement activation can stimulate phagocytosis or directly destroy a cell. For example, in systemic lupus erythematosus (SLE), complement activation is involved in autoantibody-initiated tissue damage (Chen et al., 2010) . Through a similar mechanism, aquaporin-4 (AQP4) autoantibodies in neuromyelitis optica (NMO) result in complement-mediated damage to astrocytes in the CNS and are associated with loss of glial fibrillary acidic protein staining on immunohistochemistry (Bradley et al., 2000; Bennett et al., 2009; Saadoun et al., 2010) . An increase in CSF glial fibrillary acidic protein levels, the major specific protein antigen of the astrocyte, is consistently found in acute attacks of NMO (Petzold, 2015) . This observation led to the term "autoimmune astrocytopathy" (Lucchinetti et al., 2014) . The alternative term "autoimmune channelopathies" has been suggested (Pittock and Lucchinetti, 2015) , but this applies to other disorders as well.
Autoimmune channelopathies
The spectrum of neurologic channelopathies is large, but none has yet been associated with visual loss (Vincent et al., 2006; Kullmann, 2010) . This is surprising, because many immune targets for autoimmune channelopathies are highly expressed in the optic nerve, retina, and visual networks.
Paroxysmal episodes of visual loss observed clinically are not all understood. For example, some cases of nonembolic transient monocular blindness could be due to a channelopathy (Petzold et al., 2013a, b) , as might paroxysmal symptoms in multiple sclerosis (MS), including deterioration in vision with rise in body temperature (Uhthoff phenomenon) (Petzold et al., 2014) . The potassium channel Kir4.1 (also known as Kcnj10), which resides in the astrocytes, is one of the most recent candidates for a possible autoimmune channelopathy affecting the visual system in MS (Srivastava et al., 2012) . This potassium channel is highly expressed in optic nerve and the Müller cells of the retina. However, it has not yet been possible to replicate the findings of antibodies to Kir4.1 in MS (Brickshawana et al., 2014) . For this and for most of the other antibodies described below, the gold standard has become detection of antibodies binding to the protein in its natural environment on the surface of human cells. This issue is discussed in detail in Chapter 9.
In health the immune system will not come into contact with many of the intracellular neuronal components due to the immune-privileged nature of the mother organ. However, any pathologic process causing a release of components from neurons within the visual system could give rise to an immune reaction to these self antigens. Each new pathologic event or relapse increases the likelihood of such a reactive or secondary autoimmune reaction. On the other hand, it is difficult to know whether such antibodies are epiphenomena or of direct pathogenic relevance (Petzold, 2013) .
DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS OF AUTOIMMUNE VISUAL LOSS
The diagnostic workup is guided by the patient history and clinical assessment (Fig. 20.4) . Table 20 .2 lists warning signs which should trigger escalation of the diagnostic procedures. Because the differential spectrum is dominated by MS-associated optic neuritis (MSON), these red flags should alert the clinician to potential alternative diagnoses. Red flags refer either to symptoms and signs at presentation or the disease course. Therefore patients will need to be followed up at least once.
Multiple sclerosis-associated optic neuritis
Optic neuritis is a common presenting symptom in patients with MS (Petzold et al., 2014) . The prevalence of MS varies considerably on our planet ( Fig. 20 .5).
To distinguish optic neuritis in MS from other forms of optic neuritis, we use the abbreviation MSON (Petzold et al., 2014) . Historically, there are a number of reports of optic neuritis predating the seminal papers on MS from Charcot (1868), with Auguste D'Este being
History & examination < 3 months after onset
More than 3 months after onset: Fig. 20 .4. Diagnostic workup for patients presenting with autoimmune visual loss. The clinical decision on whether or not a patient requires further investigations depends on key points from the history and clinical examination. The approximate costs in US dollars ($) related to escalation of investigations are given for general guidance only, as fees vary substantially between institutions. The clinical decision tree emphasizes pertinent questions, pointing horizontally for "yes" (closed lines) and vertically for "no" answers (dotted lines). CNS, central nervous system; OCT, optical coherence toography; MRI, magnetic resonance imaging; MMO, microcystic macular edema; INL, inner nuclear layer; AQP4, aquaporin-4; MS, multiple sclerosis; ON, optic neuritis; VEP, visual evoked potential; ERG, electroretinography. (Modified from Petzold et al., 2014.) the most frequently cited case (Firth, 1948) . The typical clinical presentation is that of periorbital pain, which occurs only or is exacerbated by eye movement and precedes visual loss. Positive visual symptoms may be present at onset; negative visual symptoms reach their nadir within about 2 weeks and have recovered substantially by about 3 months. Residual symptoms include dyschromatopsia, impaired contrast sensitivity, Uhthoff phenomenon, Pulfrich phenomenon, visual fading, and glare disability (Table 20 .3) (Petzold et al., 2014) .
The clinical differential diagnosis is large and can be guided by analysis for autoantibodies, particularly in the presence of "red flags" indicating an atypical presentation or disease course (Table 20 .2). Consistent with findings in MS and experimental models of MS, a number of autoantibodies against myelin proteins have been reported in MSON (Petzold, 2013) . These are myelin oligodendrocyte glycoprotein (MOG), myelin basic protein, and myelin-associated oligodendrocytic basic protein. There is no evidence to suggest an association between paraneoplastic antibodies and MSON (Stich et al., 2011) . However, a common limitation of these studies is the assumption that optic neuritis was due to MS but the clinical data are missing (Petzold et al., 2014) and, as more data regarding antibodies emerge, particularly antibodies to MOG in relapsing and bilateral simultaneous optic neuritis, the position may change.
Neuromyelitis optica
Eug ene Devic published in 1894 the clinical course and postmortem examination of a 45-year-old woman who presented with bilateral visual loss 3 weeks after suffering from intestinal problems, sleeplessness, weakness, and headaches. Optic disc swelling was severe and retinal hemorrhages were also present. She died 10 days later and the clinical diagnosis of acute myelitis and bilateral optic neuritis was confirmed pathologically. Historically, there are earlier descriptions of the association of visual loss and spinal cord inflammation (see , but it was not until the seminal discovery of a diagnostic autoantibody in 2004 that research on autoimmunity and visual loss in NMO made progress (Lennon et al., 2004) . This topic is covered more generally in Chapter 21.
Clinically, the differential diagnosis is straightforward for patients presenting with simultaneous optic neuritis and myelitis, but these cases are not always positive for AQP4 antibodies (Wingerchuk et al., 1999) . More difficult are those patients presenting with acute unilateral optic neuritis in isolation (NMO-ON) (Petzold et al., 2014) . In NMO visual loss tends to be more severe and with poorer outcome compared to MSON (Petzold and Plant, 2014b) . This distinction may however also reflect the need for adequate treatment in NMO-ON while in MSON the outcome tends to be favorable even in the absence of treatment.
In NMO-ON visual field abnormalities are less diffuse than in MSON with a worse foveal threshold (Nakajima et al., 2010; Merle et al., 2013) . About 40% of patients with NMO-ON suffered from total visual loss compared to 5.3% with MSON (Merle et al., 2013) . Altitudinal visual field defects were also observed, anatomically suggesting focal pathology in the dorsal or ventral optic nerve (Nakajima et al., 2010; Merle et al., 2013) . Optic nerve imaging in NMO-ON demonstrates elongated lesions, posterior in the nerve, with more frequent involvement of the chiasm and contralateral optic nerve compared to MSON (Khanna et al., 2012; Storoni et al., 2013) .
With the discovery of NMO IgG (Lennon et al., 2004) , later described as a specific autoantibody against the water channel AQP4 (Lennon et al., 2005) , a highly specific diagnostic test for NMO-ON became available. The current gold standard is the cell-based assay because of its sensitivity (Waters et al., 2012) . Following complement-mediated damage to astrocytes, glial fibrillary acidic protein, a specific astrocyte protein, is released into the extracellular fluid and CSF, providing an additional test that may be helpful in some cases (Petzold, 2015) . This characteristic astrocytic damage in NMO leads to the pathologically motivated term "autoimmune astrocytopathy" (Lucchinetti et al., 2014) . Contrast sensitivity is defined as the ability to discern between luminance of different levels in a static image. The optimal level of contrast sensitivity is reached within about 20 years of age and declines with age and disease and is strongly influenced by refraction at higher spatial frequencies (smaller spatial elements). Therefore reliable clinical assessment of contrast sensitivity requires best-corrected visual acuity to be used Dyschromatopsia Assessment of color vision provides an even finer measure of visual function than contrast sensitivity. Color is defined by hue, saturation, and brightness, each of which can be quantified. Following optic neuritis there is an acquired deficit with color perception with patient frequently reporting that colors appear to be more "washed out" in the affected eye, which is due to a loss of saturation Glare
Defined as the difficulty seeing in presence of bright light. Most subjects experience glare disability with, for example, bright head lights in the back mirror of a car at night. Following optic neuritis patients also describe glare disability and discomfort (photosensitivity) with daylight or artificial light Pulfrich phenomenon
Defined by Carl Pulfrich as a stereo-effect (Petzold and Pitz, 2009 
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Only 65-85% of patients who are defined clinically and radiologically as NMO have AQP4 antibodies using currently available techniques. In these patients MOG antibodies are proving to be helpful in defining a non-MS form of NMO spectrum disorder, including cases with optic neuritis (Kitley et al., 2014; Sato et al., 2014) . Confusion in the field has stemmed partly from the use of unsuitable secondary antibodies and, with assays specific for IgG antibodies, MS patients are rarely positive (Waters et al., 2015) . MOG antibodies are thus emerging as a new form of autoimmune white-matter disease which is particularly common in severe or relapsing optic neuritis.
Chronic relapsing inflammatory optic neuropathy (CRION)
In 2003, 15 patients with CRION were described . The diagnostic criteria include dependence on immunosuppression, which makes an autoimmune pathogenesis likely (Petzold and Plant, 2014a) . The geographic and therefore ethnic distribution probably differs from MS (Fig. 20.6 ), but data need to be interpreted with caution owing to the lack of populationbased epidemiologic studies. Typically, patients experience a relapse on cessation of immunosuppression or on reduction of (usually corticosteroid) dosage below a certain critical, but individually variable, level (Petzold and Plant, 2014a, b) . We recommend testing for AQP4 autoantibodies in all patients with suspected CRION to rule out NMO (Petzold et al., 2014) . Likewise, testing for MOG antibodies could be helpful once validated assays become available more widely.
Patients with CRION will require long-term immunosuppression. We also advise hyperacute treatment of acute relapses of optic neuritis, which may occur despite systemic immunosuppression, particularly when the dose is being tapered to establish minimum requirements (Plant et al., 2011) .
Ganglioside antibody optic neuritis
In 2013 visual loss was described in a patient with anti-GQ1b and GT1a IgG (Biotti et al., 2013) . This patient suffered from transient sensory symptoms following a febrile infection. The optic nerve has the second highest density of ganglioside expression in the CNS and therefore may be susceptible to transient antibody-mediated conduction block, similar to that which occurs in Miller-Fisher syndrome, where it affects the ocular motor nerves.
MOG antibody optic neuritis
The myelin proteins include MOG, which is a transmembrane protein exposed on myelin sheaths in the CNS. MOG is a well-recognized antigen target in human CNS demyelination and an experimental form of optic neuritis induced by active immunization against MOG epitopes (Weissert et al., 2002; Chapter 8) .
A review of the spectrum of human diseases associated with MOG autoantibodies reveals a heterogeneous clinical group (Reindl et al., 2013) . As discussed above for MSON, a limitation of previous studies on the possible association of MOG autoantibodies and optic neuritis was the need to have more detailed data on relapses, steroid dependence, and bilateral simultaneous/sequential onset (Petzold et al., 2014) in the presence of a reliable assay with high specificity.
Serum MOG IgG antibodies have been demonstrated in patients with relapsing optic neuritis by a number of groups (Reindl et al., 2013; Kitley et al., 2014; Martinez-Hernandez et al., 2015) and the majority are negative for AQP4 antibodies. These tests used cell-based assays to measure MOG antibodies (Reindl et al., 2013; Kitley et al., 2014) . The coexistence of MOG autoantibodies and glycine receptor autoantibodies was described in 3/51 patients (Martinez-Hernandez et al., 2015) .
The emerging clinical phenotype is that of a relapsing, potentially steroid-dependent, frequently bilateral (simultaneous or sequential) optic neuritis which may be isolated or associated with transverse myelitis. It will be important to test large cohorts of phenotypically welldefined patients with RION and CRION (Petzold et al., 2014) for the presence of MOG autoantibodies. These studies should be performed with the improved cellbased assay, which uses an IgG-specific secondary antibody rather than the commonly used anti-IgG (heavy and light chains), which binds to all classes of IgG, including IgM (Waters et al., 2015) . Figure 20 .7 shows MRI and OCT of one of the authors' patients with MOG antibody relapsing optic neuritis. Serum AQP4 antibodies were not detected. This patient had experienced bilateral, simultaneous optic neuritis as a child and this was associated with a less than three-segment myelopathy. Relapsing, sequential, bilateral optic neuritis developed in adulthood. Loss of vision in the right eye was preceded by severe pain on eye movements (pain visual analogue scale (VAS) 6-8/10). This was followed by pain on eye movements and visual loss in the left eye within 3 weeks. Active inflammation of the optic nerve was documented by MRI elsewhere (Fig. 20.7A) . The patient was referred to our center, where bilateral pale optic discs were noted. During follow-up another episode of acute optic neuritis developed in the right eye. Again this was preceded by pain on eye movements and documented on MRI (Fig. 20.7B) ; immunosuppressive treatment was initiated and the situation had stabilized at 18-month follow-up. There was severe bilateral optic atrophy with an average peripapillary retinal nerve fiber layer thickness of 59 mm on the right and 64 mm on the left (Fig. 20.7C ).
Leber hereditary optic neuropathy (LHON)
LHON is, as the name implies, a genetic disease (Riordan-Eva et al., 1995) . Typically, a young male presents with painless loss of vision. A family history with visual loss in male cousins on the maternal side is not uncommon. Interestingly, it has been suggested that not all of the clinical features in LHON can be explained genetically (Smith et al., 1995) . Smith et al. (1995) found tubulin autoantibodies in patients with LHON and these antibodies have been reported in optic neuritis, MS, and a range of other neurologic disorders. However, as tubulin is a ubiquitous intracellular protein, it is possible that the antibodies represent a response to tissue damage in general and are epiphenomenal.
Sarcoidosis
Sarcoidosis is a disease of unknown etiology for which the question of priority of description has not been resolved (Scadding, 1981) . Ironically, one of the contenders for the first description, Jonathan Hutchinson (1828 Hutchinson ( -1913 , was surgeon to Moorfields Eye Hospital, but did not describe the association with visual loss. The reports on visual loss in sarcoidosis first appeared not long after Schaumann recognized the systemic nature of sarcoidosis (Levitt, 1941) . The CNS is involved in about 5-26% of cases and optic nerve involvement in about 5%, depending on the patient's ethnic background (Kidd and Beynon, 2003; Scott et al., 2010) . Typically there is dural-based granulomatous inflammation and, to a lesser degree, parenchymal noncaseating granuloma (Kidd and Beynon, 2003) . Loss of vision can be due to uveitis or granuloma in the orbit or visual pathway.
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Patients with sarcoidosis-associated optic neuropathy may experience Uhthoff phenomenon, a symptom more usually associated with demyelination (Haupert and Newman, 1997) . Sarcoidosis may also mimic symptoms of cancer-associated retinopathy (Koestinger et al., 2006) . The gold standard for diagnosis is a tissue biopsy, but this is not always possible in neuro-ophthalmic cases due to the site of involvement.
Patients of African or Afro-Caribbean heritage are at greater risk for sarcoidosis optic neuritis (Pokroy et al., 2001) . A rare differential diagnosis is Blau syndrome, a hereditary granulomatous disease caused by mutations in the NOD2 gene (Caso et al., 2014) . In Blau syndrome there is early eye involvement, iritis, and uveitis, which are aggressive and with a risk of blindness if not treated appropriately. This condition is interesting because it carries features of both an inflammatory and an autoimmune condition (Caso et al., 2014) .
A paradoxic observation, supporting the possibility of an autoimmune etiology in sarcoidosis, is the rare coexistence with common variable immunodeficiency (Dziadzio et al., 2011) .
Systemic lupus erythematosus
Although the characteristic skin lesions of SLE were already documented by the 12th-century physician Rogerius (Keil, 2002) , it was only in 1872 that Moric Kaposi (born Cohen) recognized the systemic nature of the disease (Kaposi, 1872) . SLE has a variable clinical presentation, disease course, and prognosis. CNS involvement may indicate poorer prognosis and may therefore lead to more aggressive treatments (Bertsias et al., 2008) . MRI can show active SLE lesions in the CNS. Systemic laboratory markers in SLE include anemia, thrombocytopenia, leukopenia, increased serum cretatinine, hyperferritinemia, and a range of positive antibodies to dsDNA, C1q, phospholipid, RNP, Ro/ SSA, La/SSB, with reduced serum complement concentrations (Bertsias et al., 2008; Brey et al., 2011) .
Visual impairment in SLE can be caused by inflammation of the CNS or vascular complications, typically branch retinal artery occlusion (Brandt et al., 1975; Brown et al., 1981) , but it remains debatable whether SLE can cause autoimmune optic neuritis. Eleven cases have been reported in the literature (Cinefro and Frenkel, 1978; Deutsch and Corwin, 1988; Eckstein et al., 1995; Frigui et al., 2011) ; mild optic disc swelling was reported in 9/11 (82%). All patients were treated with corticosteroids and visual recovery was moderate to complete (Frigui et al., 2011) . Focal vascular occlusive events involving the ciliary vasculature were suggested as an alternative differential diagnosis (Frigui et al., 2011) . Optic chiasmitis associated with SLE has also been reported (Frohman et al., 2001) . However, all but one of these studies (Frigui et al., 2011) predated the discovery of AQP4 autoantibodies, and the 2 patients from Frigui et al. did not appear to have been tested. This is important because there is an overlap between SLE and NMO, estimated to be 2-5% (Pittock et al., 2008; . Patients with SLE and optic neuritis or transverse myelitis should be tested for AQP4 autoantibodies (Petzold et al., 2014) . It is possible that nonvascular-based damage to the optic nerves in SLE may be caused by such an overlap of autoimmunity.
Antiphospholipid autoantibodies are associated with an increased risk for ischemic stroke, which may require treatment with anticoagulation (Brey et al., 2011) . One study, describing transient monocular blindness in SLE with antiphospholipid autoantibodies (Donders et al., 1998) , showed frequent attacks in 9/10 (90%) patients, with 6/10 experiencing more than 10 attacks, typically lasting between 1 and 10 minutes, but in one patient lasting 3 hours. The pattern of visual field defects was heterogeneous, perceived as black, blurring, gray, or spotted (Donders et al., 1998) , as is common in nonembolic transient monocular blindness (Petzold et al., 2013b) . The differential diagnosis of transient monocular blindness in SLE includes secondary retinal vasospasm ( Table 2 in Petzold et al., 2013a) and emboli (Giorgi et al., 2001) . SLE can also present as pseudotumor cerebri, which can affect visual function as a result of the attendant papilledema (Deschler et al., 2010) . The association of SLE with a retinopathy has also been described (Klinkhoff et al., 1986) .
Vasculitis
There is no consensus classification for vasculitic disorders. Some authors separate vasculitis related to infection (Table 20 .4) from noninfectious primary and secondary vasculitis (Table 20 .5). The latter group is dominated by rheumatic disease and the former embraces a large number of conditions. In all cases autoimmunity contributes at least partly to the pathologic process and many conditions respond well to corticosteroids.
Vasculitis can cause localized ischemia in any part of the visual system. In the retina small-vessel vasculitis causing branch retinal artery occlusion presents acutely as a localized ischemic area and at later stages as more atrophy of a sector. Central retinal artery occlusion causes ischemia of the whole retina, except for some sparing in the presence of a ciliary artery. Generally, ischemic tissue damage is more extensive with largevessel vasculitis.
Vaccination
There is a large body of literature discussing the possible relationship between vaccination and autoimmune disease (Stübgen, 2013) . In case of optic neuritis there is good evidence for at least a temporal relationship between vaccination and subsequent visual loss, mostly following influenza but also many other vaccinations. In children postvaccination optic neuritis may be a Achiron (1994) 364 A. PETZOLD ET AL.
feature of acute demyelinating encephalomyelitis and recovery of vision is typically good (Fujii et al., 2012) .
Infectious and postinfectious
There are numerous reports of optic neuritis following almost any type of infection (Table 20 .6). It has been more challenging to establish a causal link. Any interpretation of these data will need to take the epidemiology of the related pathogen into account, with herpesviruses having a particular high prevalence. In these patients, retrobulbar optic neuritis, papillitis, neuroretinitis, and vasculitis may coexist or occur in isolation (Vishwanath et al., 2013) . Accepting a likely reporting bias of first presentations, it seems that most cases are that of an isolated unilateral or bilateral optic neuritis.
There is no solid evidence as to the cause in these cases, but as in postinfectious vasculitis, early treatment with corticosteroids might improve outcome, although that was not the situation in one of the authors' cases with bilateral optic neuritis which followed a generalized infection of unknown etiology and poor outcome ( Fig. 20.8 ; perception of light only both eyes), despite acute treatment with high-dose corticosteroids and a prolonged oral taper.
Vogt-Koyanagi-Harada syndrome
Vogt-Koyanagi-Harada syndrome is an autoimmune disease which affects multiple systems (Pan and Hirose, 2011) . Pathology of the eye most frequently involves uveitis. Optic neuritis in Vogt-Koyanagi-Harada syndrome is very rare. Other organs involved are the inner ear (tinnitus, hearing loss), the skin (patchy depigmentation, vitiligo), the hair (patchy loss), and the meninges. Headaches and photophobia are frequent presenting symptoms (Rao et al., 2010) . Autoantibodies have been found against Müller cells and the outer segments of the photoreceptors and against a range of tissue antigens (reviewed by Braithwaite et al., 2014) . Most consistent have been data on autoantibodies directed at melanocytes. Immunosuppressive treatment may be required (Greco et al., 2013) . Ferro et al. (2014) OCT helps to distinguish serous retinal detachment type and optic disc swelling type in Vogt-Koyanagi-Harada disease. In addition, enhanced depth imaging OCT is a useful tool to assess thickening of the choroid, a frequent finding in Vogt-Koyanagi-Harada syndrome ( Fig. 20.9) (Nakayama et al., 2012) . Following treatment there is thinning of the choroid (Nakayama et al., 2012) . 
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Inflammatory bowel disease
Extraintestinal manifestations of inflammatory bowel disease include optic neuritis. Most reports are from patients suffering from Crohn disease (Gupta et al., 2005; Felekis et al., 2009b) . Very occasionally a diagnosis of optic perineuritis is made (McClelland et al., 2012; Tung et al., 2013) . Optic neuritis may be a complication of inflammatory bowel disease treatment, with several cases reported in association with treatment with tumor necrosis factor inhibitors (Chan and Castellanos, 2010; Tristano, 2010) , and may require discontinuation of treatment and/or change to a different immunosuppressive drug (Felekis et al., 2009a) . Most patients improve with corticosteroid treatment (Tran et al., 2005; Han et al., 2006; Felekis et al., 2009b; Ouakaa-Kchaou et al., 2009; Barabino et al., 2011) . Figure 20 .10 shows a personal case suffering from Crohn disease who had an episode of painless isolated optic neuritis in her left eye. Notably, she had not been treated with any tumor necrosis factor inhibitors. The visual evoked potentials were prolonged on the left (112 ms) and normal on the right (104 ms). This patient responded to corticosteroids, but was left with a disabling central scotoma due to localized atrophy of the papillomacular bundle in the left eye.
AUTOIMMUNE RETINOPATHIES
Nonparaneoplastic autoimmune retinopathies are more common than paraneoplastic retinopathies and will be discussed first (Braithwaite et al., 2014; Grange et al., 2014) . The diagnostic workup of autoimmune retinopathies should include OCT, autofluorescence, and electrodiagnostic testing (Fig. 20.4) . A common finding is a hyperautofluorescent, perimacular ring which is associated with OCT evidence for loss of outer retinal structures such as the inner/outer segment layer. Presence of microcystic changes, particularly of the inner nuclear layer, has also been reported (Grange et al., 2014) . 
Nonparaneoplastic autoimmune retinopathy
The presence of autoimmune retinopathy in the absence of cancer has been described in 2 patients (Mizener et al., 1997) . Both had clinical and electrophysiologic features typical for a cancer-associated retinopathy, but no evidence for cancer after 5 and 7 years of follow-up, respectively. Visual field loss progressed over the years. Both also had a strong family history for autoimmune disease, and the second patient was eventually diagnosed with common variable immunodeficiency. The typical staining of the inner plexiform layer with serum from these 2 patients is shown in Figure 20.11 (A, B) , with absence of inner plexiform layer staining with control serum (Fig. 20.11C ). Clinically these patients presented with more asymmetric clinical features, but both had electrophysiologic evidence of bilateral pathology and in one the second eye became symptomatic during follow-up. Particularly in the first patient the immunohistochemical evidence for IPL-targeted autoimmunity correlated well with electrophysiologic evidence for bipolar cell dysfunction (see reduced b-waves in Fig. 20.12) .
The combination of progressive visual loss, scotomata, visual field deficits, electrophysiologic abnormalities, and the circulating retinal antibodies in these cases strongly supports the diagnosis of an autoimmune retinopathy (Braithwaite et al., 2014; Grange et al., 2014) . There is a need to develope and validate a standardized test for these autoantibodies because of poor interlaboratory agreement (Braithwaite et al., 2014; Grange et al., 2014) and very low availability around the world. In various centers "autoimmune" forms of retinitis autoantibodies have been reported with antibodies against a-enolase, Müller cell-specific antigen, TULP1, arrestin, carbonic anhydrase, heat shock protein-70, neurofilament protein, photoreceptor cell-specific nuclear receptor, recoverin, transducin-b and transient receptor potential cation channel, subfamily M, member 1 (Braithwaite et al., 2014; Grange et al., 2014) . There are no accepted standards for their detection, and the antibodies are in most cases not disease-specific.
Treatment of nonparaneoplastic autoimmune retinopathies remains essentially empirical. Corticosteroids, intravenous immunoglobulin, plasmapheresis, mycophenolate mofetil, azathioprine, cyclosporine, and rituximab have all been tried, with varying success (Braithwaite et al., 2014; Grange et al., 2014) . A difficulty for future trials will be the small number of patients and the disease course which can stabilize over time.
Paraneoplastic autoimmune retinopathy
Patterns of visual field loss are variable but central or paracentral scotoma and peripheral constriction are common (Petzold and Plant, 2005) . Progressive visual field loss combined with photopsia and nyctalopia is suggestive of melanoma-associated retinopathy and cancer-associated retinopathy (Rahimy and Sarraf, 2013) . Cancer-associated retinopathy is more common than melanoma-associated retinopathy (Grange et al., 2014) and paraneoplastic-triggered autoimmune visual loss can be associated with antibodies to all the major paraneoplastic antigens, including Hu, Yo, Ma2, Ri, Tr, CRMP5 (CV2), and voltage-gated calcium channels associated with the relevant tumors (Bataller and Dalmau, 2004; Braithwaite et al., 2014) . Electrodiagnostic testing will be helpful (Fig. 20.4 ). There are no data 
368
from trials and treatment is targeted at the primary tumor, but plasma exchange may also be considered in some cases (Liu et al., 2014) .
CANCER-ASSOCIATED RETINOPATHY
Sawyer et al. (1976) first described cancer-associated retinopathy in 3 patients with bronchial carcinoma. Cancer-associated retinopathy has subsequently also been found with malignancies of the breast, cervix, endometrium, ovaries, prostate, bladder, thymus, thyroid, pancreas, colon, and hematologic malignancies (Rahimy and Sarraf, 2013) . Central or paracentral scotoma is noted in 50-61% of cases, and there is rapid progression of visual field loss which is typically painless (Ohguro et al., 2004) . Bilateral visual loss is the most common , 1997.) presentation, followed by unilateral and asymmetric visual field loss (Chan, 2003) . As in the nonparaneoplastic neurologic diseases, it is unlikely that the paraneoplastic antibodies cause the visual symptoms. Complement-mediated autoimmunity is a possible mechanism in most patients, as visual field loss is typically persistent and autoantibodies bind to retinal ganglion cells, with antibodies against recoverin and enolase probably being most established (Braithwaite et al., 2014) . However there are possibly other subgroups with more dominant outer retinal pathology. Cone dysfunction leads to photosensitivity, reduced color vision, and central scotomata. Rod dysfunction causes nyctalopia, prolonged dark adaptation, and peripheral and/or ring scotomata (Goldstein et al., 1999; Vaphiades et al., 2000) . et al. (1984) were the first to describe the association between night blindness (nyctalopia) and photopsia in a 30-year-old man with melanoma. The authors hypothesized that toxic properties of the chosen chemotherapy (vincristine) were the cause (Ripps et al., 1984) . Generally, Gass is credited with recognizing the melanoma-associated retinopathy syndrome (Gass, 1984; Berson and Lessell, 1988) . The typical clinical presentation is with night blindness, frequently associated with photopsia, which can have a shimmering border (Braithwaite et al., 2014) . In contrast to cancerassociated retinopathy, there is no, or only very slow, progression. This makes the differential diagnosis to other retinal disorders such as acute zonal occult outer retinopathy (AZOOR) more challenging. There are, however, less likely to be discrete scotomata in melanoma-associated retinopathy as are found in AZOOR. Perimetry can be unreliable in melanomaassociated retinopathy because the constant photopsia occur throughout the visual field and mimic the target in automated perimetry. In AZOOR the photopsias tend to be restricted to the scotomata.
MELANOMA-ASSOCIATED RETINOPATHY SYNDROME
Ripps
The autoantibodies found in melanoma-associated retinopathy stain for the bipolar layer of the retina (Weinstein et al., 1994; Keltner et al., 2001) . Because nyctalopia is such a frequent clinical finding in melanomaassociated retinopathy, it would not be surprising if some of the autoantibodies found in melanomaassociated retinopathy would specifically target bipolar cells which are specific to rod function ( Fig. 20.1 , third row). However, at the time of writing there are no validated diagnostic antibodies (Braithwaite et al., 2014) . Suggested candidate autoantibodies target two isoforms of the fructose biphosphate aldolase (aldoalse A and C) (Lu et al., 2009 ). Historically, the association of glycolytic enzymes with autoimmunity of the CNS is not uncommon and the jury is still out as to whether or not they are pathologically relevant or epiphenomenal (Petzold, 2013 Machemer (1966) first described paraneoplastic melanocytic proliferation. Patients suffer from rapid progressive visual loss. Melanocytic proliferation causes destruction of the uveal tissue, retina, and RPE. Fundoscopy demonstrates pigmented and pale melanocytic tumors. OCT shows subretinal fluid, hyperreflective spots, and an irregular thickened RPE. At the level of the RPE, en face OCT shows dark spots which correspond to hyperfluorescence spots on the blue-light autofluorescence (Jansen et al., 2015) . The visual symptoms can precede discovery of the primary tumor. Miles et al. (2012) suggested the presence of an antibody that induced melanocyte proliferation. This syndrome, now also called bilateral diffuse uveal melanocytic proliferation, responds to plasma exchange (Miles et al., 2012; Jansen et al., 2015) , but the cause is unknown.
Acute zonal occult outer retinopathy
An important differential diagnosis, particular for nonparaneoplastic autoimmune retinopathies, is AZOOR (Grange et al., 2014; Mrejen et al., 2014) . The typical clinical presentation of AZOOR is that of a uniocular circumscribed visual field defect with positive symptoms predominantly at the outer border of the defect (Gass et al., 2002) . The border region appears brighter on blue autofluorescence. Electrodiagnostic tests and OCT support the diagnosis and confirm outer retinal (photoreceptor) dysfunction. A considerable proportion of patients with AZOOR have concomitant autoimmune disease (Gass et al., 2002; Heckenlively and Ferreyra, 2008) . There is ongoing research to identify candidate retinal autoantibodies for future clinical and laboratory validation studies. There is no evidence base for treatment, although corticosteroids are sometimes prescribed in the acute phase. Some localized forms of retinitis are named according to the part of the retina affectedif peripapillary, then the "idiopathic big blind spot syndrome," and if paramacular, "macular neuroretinitis." How these conditions relate to AZOOR is uncertain, but OCT confirms similar location of the pathology. Idiopathic big blind spot syndrome tends to be uniocular and macular neuroretinitis tends to be binocular. Positive symptoms localized to the scotomata are characteristic of this group of conditions.
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CONCLUSION
This chapter reviewed the diagnosis of autoimmunerelated visual loss on a broader basis than usually covered in clinical reviews. This was designed to highlight the importance of considering autoimmune visual loss as a consequence of any systemic disease. However, the evidence for a primary autoimmune target in the visual system is missing in many conditions, and the differential diagnoses mostly include occlusive vascular pathology, autoimmunity epiphenomena following tissue damage, autoinflammation related to hereditary disease or cancer, and nonspecific systemic inflammation in response to a whole range of infectious diseases and vaccinations.
There are notable examples of specific autoimmunity targeted to the nonmyelinated and myelinated parts of the visual system, and in one disease (NMO) to astrocytes. Nonmyelinated axons and their neuronal cell bodies in the retina succumb to autoimmune disease just as their proximal myelinated partners, but the autoantibodies are distinct, although few are available as validated tests, and not all will be markers for an immunotherapy response disease.
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